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ABSTRACT 


Proton srouna from the reaction (o??(d,»)co°° were axanined 

to determine the ground state «value and the excitation 
energies of the lower living excited states of « Pletinebdbacked 
Maturally mono-isotopic cobalt targets were bombarded with mgneti- 
cally amlysed dewteron beam: from the ‘7T-mM Van de Sraaff genera~ 
tor, and tie protons emerging eat 90° to the incident beam were 
analysed by 2 1°0? foeusine raemetic smectrocramh and photogrenhi- 
eally detected. 


The targets were pade by vacuum evaporating cobalt pellets 
onto platinum sheets cleaned with hr?’rechloric acid. The high 
vodlling voint of cobalt required the use of a technique of pinching 
the noaliete hetween sherrened carbon electredes. Snectro-chemtcal 
analysia of the cobait showed impurities of nickel, magnesium, and 
commer, vith leeser amounts ef other mtals. Fnown levels in nickel 
amd sagnesiua could be identified with sealler proton groupe, but, 
owing to the rather hich backerom ar? density of lewele, not con 
Clusively. levels assigned to cobalt were confirmed by noting the 
variation of the oreten crew enereies with deuteron snergy. Bom 
varding energies of 5.0 and 5.3 Mv were used. 


The ground state «value was measured as 5.280 + 0.009 ifev. 
The metastable state, observed in bete- ond garmwe-rey decay mas- 
urements at 58.5 + 05 kev and seen here for the first time in any 
muclear reaction, was measured as 60 + 3 kev. Other low lying ex- 
citad sintes agree with these previously determined by (n, 7) 





ot 3) area 


OS Bk ow pete te ee Ht 0b Serine 
O07 Smee etm Ame, Late 








* , re oe — . 
—— = = —— ee — 
-~— 1 rt rier 
- y oo | — _ - _ 


-_ 


~ rts -~e~ - me 
| | = ate atk tt ee em 
ah T. ~ oer _ _ 
, ' “—! - 


an a in ee -. gil 
nn a gl teal ~~~ ~ . 
| “=* 
| : ed 


eS 






reactions, auc further identify the most energetic guomeray seon 
in these mactions 22 ine that to the grou! state of « The 
highor excited states, while in poor agreement with tha correspend- 
ing (n, 7) results, showed a comlex level structure, as wae ex~ 
pected for this od@-cdd mucleus, and ae “as inifeated in the (n,7) 
worke 


Thecis Supervisor: RK. Ae Buvchner 
litle: ngcoo ls te Prefesser of Physics 





ZI. INTRODUCTIGCN 


MeI.T. Van de Craaff generators heve been used extensively 
over the past few years to obtain precise informatio on the 
nuclear energy levels of various light and intermediate nuclei. 
These accelerators, when coupled with magnetic momentum 
enalyzers and magnetic spectrographs, provice data of a 
high degree of accuracy and resolution. The concentration 
of effort has been on light nuclei, where it is felt that 
the relatively few nucleons should lend themselves to a de~ 
tailed treatment of nuclear forces, particularly if some of 
them can be grouped into closed shells. The emergence of 
isobaric polyad etructure has supported the idea of charge 
independence of nuclear forces, but, to date, only limited 
success hes been achieved in the formulation of a theory 
of nuclear ferces. 

The completion of a new accelerator, designated the 
MIT<ONR Van de Craeff generator, about two years aco extended 
the availeble bombarding energy from 2.0 Kev to 8.5 Mev 
and opened up the possibility of accurate xeasursaments 
of the energy levels of heavy nuclei. Two specific problems 
dealivg with naturally mono-isotopic ruclei were suggested 


to the authors by Dr. W. WY. Buechners 
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(1) The apparent 0.4 Mev discrepancy in the following 
eyes of ground state Q-values and decay energies which 
would most logically be ateribesed” to an incorrect assignment 


210 206, 207-208 =, 209 


of the yround state of Bi ae, we. a. ce 


Q 
ni? pit? po". and, 
(Z) The indeterminancy of the location of the ground 
of 
state of Ge” in reletion to the excited states of go as 


given by Bartholomew and Kinsey,” 


and the questionable 
Spin assignments of the ground and first excited states of 
this nucleus.“ 

While the first problem was not solved because of a 
temporary recuction in the maximum attainable voltage with 
the MIT-ONR genorator, tentative results were promising. 

In pursuing the pi?” (4, p) Ba? reaction, preliminary 
results with a bombarding energy of & Mev indicated that 
previously reported proton groups correspording to the 
excited states of land could be resolved, and the question 
of the ground state might well be answered by this approach. 

Investigation of the second problem did not recuire such 
a high bombarding energy. The most reliable source of 
60 


information on energy levels in Co 
3 


lies in the (n, 7) 
work of Bartholomew ard Kinsey.” While their results indicate 
relative positions of the excited states, they cannot deter- 


ine whether their lowest state is attributable to the actual 
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ground state or to the well-known mtastable state at 

SAG + S lev? Previous C0©0(d,n) analvses, by Rateson and 
Pollard®, Hoesterey !, and Harvey, had resulted in cround 
state eassi¢nermts in which the cround and first excited 
states were not resolved. This earlier work had been done 
with cyclotron deuterons and aluminum foils, and was, by its 
nature, of moderate accuracy and poor resolution. 

The question of the spin assienmnts of the sround and 
first excited states was hronucht up racently ty the discovery 
of a new bata~ray from the rround state of (0 to the first 
excited state of W460 as is shown in Firure 1. Keister and 
Schmidt! were led by the shane of the Kurde slot of this beta 
to the snin and nartty assicnmnts of b+ and 1+ to the ground 
and mtastable states of 7960 , resrective ly, in contrast to 
the generally accented values of 5+ and 2+. These new assign- 
nents, however, cannot he reconciled with the lack of beta 
deeay from the first excited state of Co to the pround state 
of W150, ‘This question micht have been resolved by usine the 
rotatable marnetic spectrograph currentiy under develonrent for 
use in conjunction with the MTT-ONR cenecrator. The anevlar 
distribution of the vrotons ard, from Butler's theory’, 
the orbital angular nomentim of the cavtured neutrons 
might have led to wnanbicnous spin assirnments, as is 
outlined in Ampoendix A. Unfortumtely, the new spectro- 
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Figure | 


ENERGY LEVEL DIAGRAM SHOWING 
DECAY SCHEME OF Co®° 








graph was not completed in time to include euch an analysis 
in this work. 

The problem, then, was to determine the Q-value of the 
C059(d,p)CoO9 reaction to the ground state of Co, with a 
secondary purnose of checking the levels of excitation against 
those previously seen, particularly those levels about which 
Bartholomew and Kinsey were in doubt. 
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Il. DESCRIPTION OF AP’ ARATUS AWD TARGET | RE PARATION 


A. APPARATUS 

The MIT-CNR Van de Graaff generator, used as the source 
of deuterons fer the Go” (4,p)co” reaction, is shown schematically 
in Figure 2. Its salient features include a pressurised tenk 
designed for 400 psi, two 18 foot accelersting tubes (of 
one-ineh=thick glass), e strizg controlled RP ion source 
@apable of iocising hydrogen, deuterium, cr helim, a focus 
voltage supply capable of crroviding 40-0 kv, end a emtrolled 
gorons discharge grid. The deuteron bewa is deflected through 
90° by an analyzing macn t, after whieh it strikes the target 
in the spectrogreph (Figure 3). 

The anergy of the deuteron beam is defined and can- 
trolled by meane of a ono mm slit 90 @m above the anslyzing 
megnet snd a 1/2 mm slit 125 em beyond the analysing magnet, 

A given magnetic field in the analyser determines the momentum 
of a charged particle which vill pase through the slit 

systes. The difference between the eurremts to the upper 

and lower exit slits is amplified and this signal iz used to 
Gontrol the voltage in the corae discharge grid, thus 
providing terminsi voltage contrel. This control is setis- 
factory for terminal voltegcs dow to about 4.5 Kev. The 
analyzing magnet can be rotated about a vertical exis so as 
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to deflect particivs either to a fixed, 34U° focusing wagnetic 
aspectregraph, which observes reaction products only at 90° 
from the incident beam, or to the new rotetsble spectrograph. 
Only the fixed magnet was used in thie werk. 

The fixed magnetic spectrograph is fitted with entrance 
elits to cefine the heam position and energy, end s Faraday 
bucket arrencement for measuring beam curret. The botten 
eof the annular magnet is sictted to accept the ineident 
particles. A detailed aceceumt of this spectrograph is 
given by strait.?° 

The charged psrtiales frem the nuclear reaction which 
emerge in the ecce:tanee angle of the spectrograph sre 
Geflected with a redius proportions] te their momentwa end 
recorded on a 1" % 2° Eastman NTA nuclesr treck plate placed 
in a alct slong the tep of the magnet. These track plates 
are rotitioned with their leng dimension vertical and with 
the normal te the emlsion at about 7° from the ineddent 
perticles in a asrriage whieh can hold, sné pesition in 
turn, five such plates. A light, prie, end slit srrenge~ 
ment is available to “index® the plates at a fixed vertical 
position. 

The magnetic flelde tn the analyzing end sycetrographie 


magnets are determined by s nuclear resensace technique, 
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utilising the kncewn gyromagnetic ratio of the i! nucleus. 


Each negnet is ecuipped with a high frequency oacilliator 
whese loading coil surrounds a capsule of 5 lithivm salt 
solution placed in the fieid. In operation the oscillator 
ie "sero-beated" with a secondary frequency standard azxd 
the current to the magnet is increased witil the oscillator 
eutput is decreased, indicating resonance. ‘cemence ia 
observed by swecping the field in the visinity of ths capaule 
with a weak GO cycle field and displaying the detected output 
of the oscillator on the vertical sweep of an excilloseope 
which is swept ir the horizontal cirection with this same 
66 cyele signal. When resonance ia achieved the oscilistor 
will be loeded twice a cycle with an angular dis;lacescnt 
of 160° » and the two depressions on the scope fac» will 

be oposite each other. As the field currmt drifte frm 
the correct value, th angular separation of the two de~ 
pressions (loadings) will decrease, indicating that mag- 
netic resonance is cecurring enly near the upper or lewer 
variation of the sweep field. A phase control pomdits 
setting eae variable phase between the 6 cycle sweep nig- 
nal and the detected oscillatcr output, eo thet the tro 
depressions may be superimpesid. The magnet current is 
adjusted so that signals remain cisplaced by 190° ns the 


sweep current is nede venishingly armell. The error intro~ 
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duced by virtue of the fact that the two deprresions ere not 
exactly 180° apart con best bo estimated by varying the 
signals as a function of sero-best frecuency. when this is 
done it seems that the sensitivity of the visual signal is 
about .5 xe at a frequency of 19.0 mo. The sero~best fre- 
quency itself, on a reesonably careful run, is kept below 
1 ke, so thet the reproducibility of the magnetic field at 
the cepsule is in error by about oe part in 20,0600 (132,000). 
The known gyro-magnetic ratio of the lithiwmm nucleus is 
used to determine the magnetic field, assumed to be the 
effective field experienced by the charged particles. Thies 
sesuzptien, which may be in error by perheps .1%, leads to a 
very mall errer in measured momenta, es is geen below. The 
Qiameter of the trajectory in the spectrograph from the 
target aot to the index is deterzined by uge of a polonium 
coated wire at the target position. The BR of pelenium 
alphas is 331.588 4 .02% iilorause-on.'? The wire te bean 
spacing is measured with a micrescope to 4.05 vam, and is 
very small compared to the diameter. The fraetionsl error 
in magnetio field, 43/8, yields a fractional error, 
dn./R, =-adb/B in the measured radius of the peth from 
polonium wire to the alpha tracks on the emulsicn, where 
Rg = radius of trajectory of alpha particles. 


in measuring momenta of charged particles from nuclear 
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reactions, the error introduced ite then BGR - AB = 
“dBi, - MAS = aB(-R. ~ ), where R= radius of the 
trajectory of these particles. We have aseweed that dB/B 
is constant and that dR, = dR. 

The everag: radius is 35 @ anc the useablo portion of 
the eculsion is 3.5 am, so that the neximw difference 
(R= R,) is .9 em, or 2.5%. The total error due to nen- 
uniformity of the magnetic field is then leez than 1 part in 
49,000. It is seen that a 0.1% error in the velue of the 
mernetic moment of the lithium nucleus would lead te am 
equally neglizible errer. The validity of the ssswueption of 
&@ coustant aB/3 may be cuestioned st high fields (beceuce of 
the sir caps «nd eaturation) and this may secount for a 


susvected decrease in eccurasey for fields over 13 kilcgause. 


Be TARGEP PREPARATION 

Thin taryete, when bombarded by charyed particles, 
yield the advanta:ec of a sharp group ef reaction products, 
inasmuch as the degradation of the energy of the incident 
pertieles is slight. A cesmen method of preparing thin 
Betallic tergetea is by the evaporation in a high vaeuue of the 
desired metal onte a thin (~ 160Gm) Formvar film This 
method becomes cifficult with high beiling point wetala, and 
in spite of the adoption ef the metiod used by Schwager end 
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Coxt . to evar;crate venedium, only eae lizited succesa was 
realised with cobalt. The extreme boiling temperature 
(approximately 000%) caused all thowe Fornvar backings 
which survived to be extrexely brittle, and the explesive 
nature of the boiling riddled the targete with email holes. 
Coating the reverse side of the Formvar with cold did not help 
te any extent. The maximum thickness of cobalt succeesfully 
evaporated in thie fashion was sasething less than me-half 
thet required to make a microscope slide opaque to sunlic¢ht. 
These targets, when exposed to deuteron beams of reasomebly 
leng exposures, yielded protan groups too weak to reduce the 
atatistical fluctuations to en acceptable value. Recourse 
was then had to seceptable platinum becked tergete. A sheet 
of pletinum about 5 mils thick was carefully cleaned with 
hydrochloric scid end exposed in a vacwm to vaporized 
cobalt. Two me-fourth inch carbon electrodes vere mounted 
vertically, with the lower red hollowed out to hold a small 
piece of cobalt anc necked down immediately below te perhaps 
ene-tenth ite original srea, and the uprer rod sherp@med to 
@ dull point and pressed dow a the cobalt. The vcletinv 
wae pieced muck closer than the Formvazx had been, and a 
coating equal to thet which was just creater than opague 

te sunlight en a microscopic slide was achieved efter 
several evaporations. It may be wondered whether the 
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sputtering which previously pierced the Fornvar did not 
spatter the platinum in a random fashion, anc such may 
indeed have been the case, although no evidence of this was 
seen in the results. 

These targets were fixed to small rods and, for bom- 
bardment, moumted on a target whee] located just below the 
slot in the spectrographic magnet. Seven such torgets could 
be mounted on the wheel and any one could then be rotated 
inte the beam without breaking the vacuum. The targets 
were placec so that their normals were et aprroximately 
50° to the ineident beam end 40° te the annular chamber. 
when solid targets were used, the beam current integrator, 
developed by Inge,” wes connected to the target wheel 
rather than to the Faraday bucket. 
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III. EXPERIMENTAL PROCHOURE 


In the process of identifying and measuring the proton 
groups fram cobalt, the first step was to bombard a Formvar- 
backed target with protons end analyze the elastically 
scattered proton groups for the mass of the scattering 
nuclei in order to determine the contaminants. For scattering 
at 90° from a target initially at rest, we get, non- 
relativistically, 


ns inp + BoM _ where ty, zproton mass. 


Fin - % . 

Ey» the energy out, is measured by recording the density 
of proton tracks per one-half mm (measured radially) along 
the nuclear track plate, to within .04 mm as the plate is 
traversed in a vernier-calibrated microscope stage. Frotons, 
deuterons, and alpha tracks cen be distinguished by their 
length and density of ionization. The index is recorded to 
the nearest .02 mm. The points then obtained are graphed, 

a curve is faired through them, and the positim of the third 
height is noted. This position has been found to give the 
most reproducible results, vequatih-ene of peak intensity or 
target thicmmess, and the index to third height differences, 
when measured with different uicroscopes, have been found to 
have a probable error of about .15 mm. This distance is thm 


subtracted from the index to beam distance, as measured by the 
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polonium alphas, and the result halved to get the radius. The 
magnetic field is taken as s fixed constant multiplied by the 
frequency of the oscillater and, as seen before, this sheuld 
intreduce no significant error. The preduct of radius and 
magnetic field, BR, is then cenverted to proton energy by 
means of en extensive table calculated from 

Ey = 4.7898 x 107" (pr)? ~ 1.223 x 107" “(any * 

By a» the energy in, is determined from elastically 
ecattered particles from a known mass such as co?” » or oi, 
Figure 4 presents a graphic mass analysis, with the most 
probable contaminants indicated. 


S of co” is 1.10 New, 


The first mow excited state 
from which level the inelastic protons would have insufficient 
energy to appear in Figure 4 Those maes numbers between 
and SO are not separated from the Go?” peek. It is seen that 
na’? ’ ng’, 37" > e179 and 47? are present. A spectro- 


Gheuical analysis of the cobalt pellets indicated the following 


Conteminantss 
Wis 10% to .1% 
Mg and Cus 1% to .01% 
Ca, Fe, and Mn: 01% to .CO1lS 


Ag, Al, B, Ba, Cr, Si, and 2m; less than .01% 
The sodium, potassium, end sulphur, seen in the mass 


analysis of a Formvar target, probebly originate in the Formvar 
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ELASTIC PROTONS FROM 
FORMVAR TARGET. Ep =5.2Mev 


Mass numbers of contaminants 
ore as indicated. 
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Figure 4 
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backing, end hence should not centribute proten groups in 
the bomberdmert of the platinuwn-bocced targets. Groups 
from the platinun iteelf, if present, should be very broad, 
because of the thickhnoas of the oacking. 

Formvar targets coated with cobalt were then bombaried 
with §.0 Mev deuterons and the resultant proten groups were 
plotted. At each current setting of the svectrogranh, the 
terget was exposed to fren 150 to 40 microcoulenbs of 
deuterons, requiring fram one te four hours per plate. The 
spectrograch field was chanyed iu steps so as to cover en 
eppreciable range of momentum, with the steps so arrsnyged that 
the graphs from adjacent plates overlapped. witha each set 
of plates at least me elastic wes take to calibrate the 
duput mergy. The ground and metastable ststes and sase 
excited states were evident, but the yield was seo low 
(a waximum of % counts per 1/2 mm for the ground atate, for 
ezxenple,) that the statistics vere poor, and weak peaks vere 
entirely obscured. This was repeated for e portion of the 
spectrum with a bowbardiny energy of 5.8 Kev, but the results 
were no better. 

Next the platinus—-backed terrets were bombarded at 
energies of 5.0 and 5.8 Mev. The input mergy for each 
set of plates wes egsin determined wlth et least one elastic 


group from a Formvar target and each exposure was of 600 
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microcoulombs duration. Yecausm of the intense deuteron 
background from single ani miltiple aecattering from the 
platinun backing, it was necessary to cover the plates with 
aluainun foil of sufficient thickness to stop the dewherons. 
The result of the plot of protons versus BR, covering tha 
ground and first excited stetes, is shown in Mgure 5. 

A typical plate at higher excitation showing the increase 
in density of levels, is shown im Figure 6. Figure 7 is 

a plot of the proton grovos from the ground state to an 
excitation of ).8 Mev with Ey,, the dewteron borbarding 
energy, equal to 5.0 Mev. 

In cosmuting the momentum of a group of particles, 
the peak is replotted with abscissa expanded by a factor 
of 20. 

A sample calouletion, taken from plate 2IV follows: 


Abscissa of index 11.0;0 em 
Minus abscissa of 1/3 height of peak 9.537 

4 1.503 em 
Measured beam to index distanes 71.757 em 
Diaretor of nroton trajectory 70.254 om 


Radius of proton trajectory = 202254 . 35,127 om. 
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Figure 5 
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Figure 6 
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Frequency of snectrogranhic menet fluxcmeter = 21.300 m. 


21-2300 me 


ee = 12.873 kilogauss 
1.6515 me/kg 


BR = 12.873 x 35.127 = 452.197 kilogauss-<cm. 


From BR tables 





Eq ™ 97370 (BR = ):52 kilopauss—cn) 
85 (interpolation ) 
9.71315 Mev 
Ean = 5-S2h 


q « He Me) g, . = 8) a, = 
M. 


1.10168 x 9.7132 = 0.9660 x 5.82h0 = ).2785 Mev 


where M. = ce » 59.936 amu 

Mo = DP = 1.00759 amu 

MW, = d = 2.01419 awn. 

Relativistic correction = +1.]1 kev. This relativistic 
correction came about by virtue of the fact that the Q- 
equation was derived for the nonrelativistic case. 


The equation is 


@Q-«= E 
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Q+dQs= 4, .2796 MeV. 
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Finally, runs were mde at 3.0 Mev to attemt to un 
covar the region obsewed at 5.0 Mev by the intense carbon 
and oxyrven peaks, and to repeat the masurement of the ground 
state ~-vale. This was accomplished by holding tho gene- 
rator at 6 wv deflecting singly charged deuterium 
molecules. In a muclear reaction the chemical binting 
energy of the molecule is negligible, each nucleus taking 
half the energy. The coulomb barrier, which is 6.6 lev 
for compound nucleus formation, must have effectively 
reduced the (d,p) reaction probability at the energy, 
however, as only a negligible yield resulted. 

Tn analysing the results there are three ways to 
identify the residual nucleus of a reaction group. The 
first is to vary the composition of the target and note 
the corresponding variations in peak intensities. This 
was not intentionally dona. The second is to mtch peaks 
with previously cetermined C-value of Imorn contaminants, 
and the third is by means of an energy shift. It is seen 
from the formula for Ey, 


7 = = 


"wm + 2 * B+ & GS, where M, ie the mase of 


the residual nucleus, that the energy (and hence momentum) 
of a peak is a function of M,.. The output energy of a group 
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from Calil for example, will shift 1! kev less per .3 Mev 
shift in input erergy than that of a group from 6960, 
Similarly a grow from proO will shift 10 kev more per .8 
Mev shift in Bin. 

The known groups from carbon and axygen were identified. 
A ermal) peak between groups 10 and 11 at 5.0 Mev bombarding 
energy which was not reproduced at 5.8 Mev mtches a known 
MgZh (ap) group to within experimental error. Other kmown 
magnesium groups can be fitted, but not uniquely. The first 
excited level of Ni9’, seen in Kinsey's (n, y) work, should 
lie just above the ground state of 60 at a bombarding 
energy of 5.0 Mev, but wag not seen. A structure on the low 
energy side of group 6 might be attributed to another group 
in M4. All other groups of at least 50 counts per 1/2 ma 
of diameter yielded “—values agreeing at the two input ener 
gies to within 12 kev when assigned to Co. 

Above an excitation of 5 Kev, the proton background 
became large and widely variant between plates. This was 
thought to be due to a background of deuterons penetrating 
the foil by virtue of being deflected toward the norral 
to the foil. Bvt it was shown that their range in the 
emilsion, even after passing through the foil at right angles, 
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was vanishingly amall, and increasing the thickness of the 
feil onl} blocked ovt all protons. These ylates vere Sure 
ther confused by the aj pewrance of ;reten tracks ¢f al} 
lengths wp to the @exdmum expectec. The reason for this 
high backround may be Olosely-spaced, overlapping levels in 
co™, or it may be fron the platinw backing, Lack of time 
prevented a controlled mm om a bare plsetinum terget. in 
the course of the experinent about 64 platen were exposcd. 
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IV. RESULT: AND CONCLUDIOBS 


Ae POPALS BPR. 

An estimate of the probable errer in Qvalues is »otten 
by examining the aysten of weasurq@ents and assigning , robable 
systenatic and rancom errors. 

The rendax errors sSonsicered ares 

(1) the spread in 32 resulting from finite slit widths, 

(2) the apremi in energy of emerging particies due to 

the vurisble thickneen of” cobalt Lhe incident end 
reaction particles must penetrate, 

(3) the finite width of the bea, 

(4) the aberration of the 180° feeusing meget, 

(5) the finite "reaction" engle suttendai by the 

photographic plate, and 

(6) smell adjusiments of the magnet curre:.ts neceesary 

to keep toe flux meter signal at the balanced 
position. 

If me sssumes sm entrance slit width to the deftecting 
magnet of ] mm, ar exit slit width cf 1 mm, and collinatian 
cf the entering amd exit particles, enc osm make an order of 


magnitude estimate of the spresd in BR of the malyzacd particles 
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as dR/R = .5/600 = .0O®. The energy loss in ea thin, Formvar= 
backed target is estimated as 10 kev, yielding a fractional 
gpread in "R of .0905. The width of the line on the target 
wag measured as 0.7 om, or d&8/R = .7/2 x 350 = .001. The 
focusing action of the 100° menet gives a frectional second 
order spread of the order of 2(1 ~ cos 9) = 2 e /2. 8 is 
estimated as (2.5/2)/(35 0/2), and dR/R = ,0005. It has been 
estimted that! the plate subtends an angles of 90° + 1/3° 
from the bear line on the target. 


GE = 2/" (4% MGByB,) d sin 0/(M, + M.), and 


GE/Ee 2x2 (4. 6/180) /18 = .0023 


for deuterons scattered from oxygen. This corresponds to dR/R = 
0006. The two frequency settings each contribute errors of 
about 1:15,000, or dR/R = .00007. If we now take the square 
root of the sum of the squares of these estimated deviations 
and call this a gross approximtion to o , the standard devi-~ 
ation, we get o (BR)/BR = 1.6 x 1073 as shown in Table I. 

If the deuteron elastic of plate 22Y is fitted to a 
normal distribution, o (BR)/SR = .065/70 = .9 x 1073, This 
agreement is as good as could be expected, considering the 
approximations mde. A similar value for o (BR) is masured 
on well-developed cobalt (d,p) peaks. 
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We do not actually have a Gaussian distribution, and 


it is the leading edge, not the mean, in which we are inter- 


ested. If, nevertheless, we estimte the probable error as 


«67 o /Vn, Where n= 250 counts/peak, we get a random error 


of .67 x 09 x 1073/16 = 1125,000. This is about the preci- 


sion to which the position of the leading edge is recorded. 


The systematic errors are more important and harder 


to estimate. These include: 


(1) 
(2) 


(3) 


(i) 


(5) 


(6) 
(7) 


the calibration error of the polonium alpha groups, 
the departure of the average scattering angle 
from 90°, 

surface films on the platinum and Formvar~backed 
targets, 

the uncertainty in the momentum of the polonium 
alphas, 

the error in recording index to emulsion track 
distance in a given microscope, due to a cant of 
the vlste in the microscope, 

errors in the messes of the nuclei involved, and 
errors in the fundamental constants, e and c. 
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The beam to index distanca, a3 determined from the 
positions of poloniwa alpha grouss, is deduced from the aver~ 
age of several grouns, each croup having been averaged in 
geveral microscones. Two such meesurerents wore taken during 
the course of this experiment and the reproducibility, 1:27,000, 
my be taken as a measure cf the error. 

The departure of the seattering angle from 90° can, in 
principles, be measured by noting the energy of the slastics 
from tro nuclides with a common bombarding energy, but surface 
films confuse the resuits umiess widely different nuclides, 
such as gold and lithium, are used. A recent calibration of 
this type has not been meade, but the general consistency of 
results in the laboratory leads to the belief that tnis angle 
is not greater than 20 minutes, which, as has been seen, leads 
to an error of about 6.5 kev in the calibration of 5 Mev 
deuterons from oxygen. in computing the © of the ground 
state of Co this is balanced by a term 


a (5,000 x 10,000 x 12)1/2 sin 6 = 2 kev 


so that the probable error, taken as half the "limit of error", 
is 2 keve 

The surface film, which was due primarily to an accwm-~ 
lation of carbon on the face of the target, has been estimated 
in other experiments to be from 5 to 20 kev thick. This would 
presumably affect the long-bomberded platinum-backed targets 
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more than the short elastics from the fcormvar targets. Dut 
in this case a positive correction wld be anmplied to tia 
bg of the growd state Co”? (4, p) reaction, increasing the 
measured «, whereas our «value is already 20 kev greater 
than that of Sartholomew and Kinsey. A prodable error of 
5 tav is arbitrerily adopted. 

The wrertainty in momentum of the polonium alphas is 
125,000, or 132,500 in energy.e lscperience indicates that 
the vrobable error in reading a plate ones on a microscope 
ip o15 ma/700 mm = 125,000 in BR, or 1:2,500 in energy. 
Errors in nuclear messes end furlamental constants are neg- 
ligible as comred with the above. 

The total probaole error in the determination of the 
grown state «-value froi one oxygen elastic ami one (d,p) 
reaction is, then, the combination of the randomicity of the 
tyro measurements, the cowtting error of the two maswenents, 
the svrface film error, the polonium calibration error, the 
poloniwn momentum error, and reaction angle error. A tabu- 
dation of these errors is shown in Table II. The most im 
portent errors are those of film thickrss and counting 
uncertainty. 
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b egnitude, 

Rand amas 

Oxyren Elestic 4+ eO4 

Froten Croup £ 16 
Systematics 

Counting error in elestie + 2.0 

Counting error in proton group + 4.0 

Surface film error £ 5.9 

Polorivm calibration error t -% 

Folonium alyha rorentum error £2 

Reaction mele errer t2 

\ y (ax)* =~ 7.4 kev 
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For less well—developed peaks the probable error is 
increased. The excitation energy errors for grouos which 
are seen on the sams plate as the ground state, or on an 
adjacent, overlapping plate, is much less than the C—value 


error, approaching 1 kev at low excitation. 


B. RESUIIS 

Three long exposures were mde to investigate the 
vicinity of the ground state of Co; one with a deuteron 
bombarding energy of 5.0 Mev against a Formvar-backed tar- 
get, one with a bombarding energy of 5.0 Mev against a 
platinum-backed target, ami the third with a bombarding 
energy of 5.8 Mev against the saxe solid=backed target. 
These three exposures resulted in G-values for the ground 
state which were within eleven kev of agreement. The 
ground state C-value determined in this work (Q, = 5.280 
+ 0.008 Mev) corresponds to the arithmetic man of the two 
extreme values, and the spread corresponds to a laboratory 
nonreproducibility of about + 6 kev. The third value resulted 
from bombardment of the thinly coated Formvar target ani was 
of lower yield and poorer definition than the two others. Ail 
three exposures, however, clearly showed the separation of the 
60 kev metastable states; and the computed excitations of this 
level, as well as the other listed levels, were unmistakably 
reproduced on both major series of bombardments (those against 
the platinumbacked targets). 
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In each of the two major series of investigations 
(at Ey, = 5.0 Mev and at Ey, = 5.8 fev), good agreement 
resulted for the relative positions of the lower etates in 
comparison with the resnective ground states. The first 
eleven states in each of the series agreed to within five 
kev of each other. These lover states were seen under con 
ditions which remined wmchanged within each series, but 
which were different for each of the two series. The excep 
tionally good agreement in excited states which resulted led 
to the use of the average cf each of these excited states in 
determining the Q-values of these levels. These (~values, 
then, are the difference of the average ground state C-valve, 
which was determined less accurately, and the precise exci- 
tation energies. For the higher excited states, there being 
no simple correspendence in excitation energies, the Q-values 
of each level were determined by averaging the C-valves deter- 
mined at each bonbarding energy. Also, at these higher exci- 
tations, the increased number of weak levels arising from 
beth contaminants and Co” itself made resolution of the major 
peaks difficult. All levels attributed to Co, however, 
were in agreement to within 12 kev. In som instances it 
was possible to resolve a complex peak such that, by subtract- 
ing a minor peak, agreement was attained with the correspond- 
ing veak as determined at & different bombarding energy. This 
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techniques was used only when it seemed justified by an obviously 
sraller structure indicated on a mijor veake 

Table IIT is a summary of the “-values, excitation ener- 
gies, appropriate probable errors, and arporoximate relative 
yields of those attributed to energy levels in C0, 


C. COMPARISON RITH PREVIOUS RESULTS 

The ground-state G=value determined here, Q, = 5.280 
+ 0.008 Mev, is in fair agreement with the velues 5.20 deter- 
mined by Beteson end Pollard®, 5. + .2 determined by Harvey!, 
and 5.31 determined by Hoesterey!. The more rrecise work of 
Bartholomew snd Kinsey?, when the binding energy of the deuteron 
(2.226 Mev) is subtracted from their highest energy samm-ray, 
results in a Q of 5.260 + 0.006, a difference of 20 kev. 

Table IVY commares tho excitation energies from this work 
with those found by Bartholomew and Kinsey and by Pateson and 
Pollard. It is seen thet the excitation emegue, particularly 
of the lower states are in excellent agreement. It is also of 
note that those low lying states of Bartholomew and Kinsey 
which stem from transitions indicated by strong homogeneous 


gamma-rays apres exceptionally well. 


De CONCLUSIONS 
The metastable state in Co”” S9 kev above the ground 
state is nicely brought out by the present work, and it is 
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EXPERIMS!TAL £43ULTS 








Peak Q (Mev) i (Nev) oaunior 
0 5,260 £ .0Ud 1.0 
1 220 ¢ aS Ue £ 065 ma 
2 nit OF 786 + 1003 s§ 
3 4-835 & 008 »4£5 4; 4003 a4 
4, 4.967 + .00F 0513 £ 003 5 
5 4e 723 & 2005 0507 & .005 05 
6 40059 & .009 6 £ .004 ‘9 
7 be BE & 2008 eTH2 & 23 o7 
& 40268 £ .0O8 1.012 & .003 1.6 
9g heli3 E .009 1.237 £ 2005 06 

10 3.886 & .009 1.384 k COZ 8 
1l 3.747 & .G10 1.533 & .Ot6 «3 
12 3.617 & .010 1.663 3 
13 3.455 &£ 020 1.825 1.5 
14 3.27% t .010 2.002 05 
15 3.219 & .010 2.061 o7 





TABLE IIT 








nv a nEnEaannaenemenneaee eee 





BAT ERIh FTAL USULTS 


ae at ee re Se 





Peak Q (ev) wm (Qev) = in 
16 Zal2 + -01% 2.154 25 
17 2,087 $ .O10 2,292 02 
18 2.91G + .C15 2, 770 oS 
1g 2.665 & .010 2.615 mY 
20 2,68 + .010 2.630 02 
2 2,489 + .012 2.701 03 
22 2.409 & .015 2.872 . 
23 2.356 + .0212 2.924 04 
24 2.242 + .012 3.038 04 
25 2.065 + .012 3.211 of 
26 1.971 + .632 3.309 o4 
27 1.954 £ .012 he 226 oh 
28 0974 £ .013 he 306 6 
29 0855 & .012 he 425 7 
30 » 79 £ C15 he STL 5 





TABLE TII (Gentinued) 
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COMPARISON OF EXCITED STATES OF Ge? (Kev) 


TABLE IV 


Partholomew 
Fresemt “ork and Kinsey 

60 + 3 

286 + 3 285% 
LS + 3 LS 
513 + 3 512% 
557 + 5 

621 +h 619% 
192 + 3 796% 
1012 + 3 1012% 
1237 + 5 1236 
139h +b 1376 
1533 + 6 1520 
1663 

1760 

1825 1840 
2002 
2061 
215), 2135 
2292 2307 
2370 
2615 2583 
2630 
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1730 
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Peak 
21 
22 
23 
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TABIZ IV 
(Continued ) 


Bartholomew 
Present York and Kinsey 
2791 
2871 
292k 2900 
3038 
3120 
3211 
3399 3300 
360 
3800 
1,130 
4226 
306 
425 
4571 


‘levels whose existence is inferred from strong 
homogentous fara rays. 


Fateson 








4 | 


clear that Bartholonen and Kinsey ~ere reasuring rarom—rays 
to the ground state of 6 not to the mtastable state. 
They state? that , Should this he the case, the intensity of 
gamme-reys to the metastable state is less than 10 percent of 
those to the sround state. 

As an explanation for this, it is noted that there is a 
resonance in the Co? neutron capture cross section at 123 ev, 
which state vresumbly influences the capture of thermal 
neutrons if we make the reasonable assumption)? thet the 
energy level snacing here is of the order of tens of kilovolts. 
It is reasonable firthor to assume, then, that s-wave neutrons 
are captured into the (f) 7/2 ground state of C09 to form a 
li- state, and that electric dinolo radiation to the 5+ ground 
state of C00 exceeds the mamnetic Ouadmmole rediation to 
the 2+ mtastable state by a factor greater than 10. 

The level density as nresented in Pigure 8 is, wmfortu- 
mtely, not conclusive, as it is felt that in the region of 
excitation above 1 Mev there are som Co ievels whose inten- 
sities are not sufficiently high wmiquely to identify them as 
such. Above an excitation of .8 Mev, no useful informtion 
was obtained on level densities. A lover limit on level den— 
sities below this figure is set, however, and it is easily seen 
oy comarisen with Rartholorew and Kinsey's cama spectra of 
iron and nickel that this odd-odd nucleus has a more complex 


spectrum than that of its even-odd neighbors. 
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Figure 8 
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would expect the orbitel anjuler semmtum of the neatron, 
i ea, tured in coiling to the First exslted atete of ££ to 
belor 3. if 1, were found to be 1 it would rue out the 
eecignne:t of l- tc the firet excdted stete of so”, whe reas 
4f 1, = 3, beth 1- ad 2 are allowed atates of this level. 
Veing deuterons of 6.4 Mev energy in e.m.s. (6.4 x 61/99 = 
6.6 Nev in leborstery eystem) and an outgoing ¢.m.s. mmergy 
of 6.4 ~ $.23 = 11.63 Nev, it is clear fran the figures 
in Butler's srticle that the differmtial cross-section fer 
the reaction sould peek st ebout 22° for 1, © 1, X° for 
1, = 2, end §1° for 1, # 3, all angles in e.ms. 
In order to convert leboratory eyster anples to oeMeBe 
ene must add to the mensured angler, O , the cuaetity 
(6-6 ), where 


win (6-5) = at = croton : C. Of fe 
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